Proteorhodopsin (PR) sequences were PCR amplified from three Andean acidic hot spring samples. These sequences were similar to freshwater and marine PRs and they contained residues indicative of proton-pumping activity and of proteins that absorb green light; these findings suggest that PRs might contribute to cellular metabolism in these habitats.
though Actinobacteria were detected at least at site A4 by pyrosequencing (5) , suggesting that PR sequences were either absent or not amplifiable with the primers used. All DNAs were amplified with 16S rRNA gene primers 27F and 1492R (5) , indicating the absence of PCR inhibitors. From 433 cloned amplification products obtained with four primer combinations (mixes 1, 3, 4, and 6), 91 clones (21%) corresponded to PR-like partial genes after sequencing and analysis using blastn and tblastx against information in the GenBank database (based on best hit): 84 from site A5, 5 from site A2, and 2 from site A1 ( Table 2 ). These sequences showed no similarities with other sequences in the databases, and even though we checked for chimeras manually by BLAST analysis of sequence fragments, it is possible that some of the observed variability could still have been due to chimeras and/or amplification errors. The remaining discarded sequences had stop codons or produced hits with very low scores and poor coverage based on comparisons using blastn and tblastx analyses. Previous studies have also shown low recovery of PR genes (5.2%) (14) , which may result from the use of degenerate primers.
The 91 sequences (accession numbers JN648719 to JN648809) had an average length of 351 nucleotides and similarities across the entire sequence with other putative PRs from environmental uncultured clones. These sequences corresponded to 22 nucleotide sequences and 15 amino acid sequences with 43% identical sites across all sequences, indicating a substantial PR diversity. A phylogenetic reconstruction done with the 15 protein inferred sequences and additional reference sequences showed good bootstrap support, shared features with previously published phylogenetic reconstructions, and clustered our sequences into three groups (Fig. 1) . Clade hp1 was formed by 11 different PR sequences from hot spring A5, and clade hp2 clustered 3 PR sequences derived from clones obtained from samples A1, A2, and A5 that were closely related to a coastal water clone, EBAC31A08 (AF279106) (3). The PRs within clades hp1 and hp2 had 91% and 94% identical amino acid sites, respectively. A single PR sequence, represented by 4 different nucleotide sequences from the A5 hot spring, grouped closely with the previously identified "freshwater clade 8" (2). Thus, the PRs identified in these hot springs clustered in different groups and were similar to PRs from both freshwater and marine environments.
To confirm the PRs detected using degenerate primers, in particular because of the possible errors associated with amplification, cloning, and sequencing, we designed primers to specifically amplify three of the newly identified sequences: JN648793 (clade hp1), JN648742 (clade hp2), and JN648744 ( Fig. 2 ; Table 2 ). PCR amplification of the same metagenomic DNAs was carried out under more stringent conditions: 35 cycles at 95°C for 1 min, 58°C for 30 s, and 68°C for 45 s. These PCR products were gel purified and sequenced (Macrogen, South Korea), thus avoiding the bias associated with sequencing single cloned sequences that might harbor amplification errors. Amplification was successful with primers for JN648793, using A1 and A2 DNAs, and JN648744, using A5 metagenomic DNA, and the sequences obtained were identical to the original detected sequences, lending support to the idea that these PR sequences were in fact present in these samples and were not simply an artifact of amplification. Primers for JN648742 yielded only very faint amplification bands in all sam- ples (A1, A2, and A5) and insufficient amounts that could not be further sequenced. Efforts to obtain full-length genes from metagenomic DNAs using reported primers (13) or the genome walking technique to amplify flanking regions (1) using a specific primer designed within the sequences reported here were unsuccessful. The lack of amplification of full-length genes could be due to differences in the sequences themselves, preventing correct primer annealing, or to problems stemming from the low quantity of metagenomic DNA and its integrity after prolonged storage, since reamplification with the 16S rRNA gene primers initially used was no longer efficient. It was interesting that most of the sequences were obtained from site A5. This could be due to inefficient recovery of PR genes from the other samples due to problems inherent to the DNA preparation and/or amplification with the primers used. However, given the fact that with the specific primers designed here we were able to amplify sequences from both sites A1 and A2 that were identical to those originally detected in sample A5 using degenerate primers (JN648793 and JN648744), it seems likely that by changing PCR conditions and primers, more PR genes could be recovered from sites A1 and A2 than originally detected. It is also possible, however, that these springs harbor different microbial communities, as a result of environmental variables such as pH and temperature, and therefore vary in terms of microorganisms harboring PR genes.
The hot spring PR sequences were examined for conservation of two amino acid residues in helix C, Asp at position 97 and Glu at 108, that are key for proton-pumping activity (22) . The majority (90 sequences) had a conserved Glu108, and only one sequence had a Gly at this position (Fig. 2) , consistent with the vast majority of PRs observed to date (3, 11, 19) and suggesting that PRs that function as light-activated ion pumps involved in phototrophy and not as sensory receptors. However, analysis of full-length genes is required to determine this, since the conservation of Asp97 could not be assessed given that the forward primer used for PCR amplification included this residue close to the 3= end (20) . All of the PR sequences also contained a nonpolar Leu residue at position 105 (Fig. 2) , indicative of green-absorbing proteins with absorption maxima ( max ) of 525 nm (15) .
In this work we identified diverse and low-abundance PR-like genes in microorganisms from high-mountain, shallow, oligotrophic hot spring waters that have high exposure to UV light (12); these microorganisms are predicted to encode green-absorbing proteins that may harvest the available energy. Energy derived from rhodopsin photosystems, which is very low compared with that from photosynthesis, could be advantageous in these acidic hot springs by contributing to survival in ecosystems that receive abundant sunlight and where alternative energy sources may vary or be scarce (10, 11) . Future work aimed at amplification and cloning of a full-length gene will be required, however, to fully assess the functionality of these proteins. This work extends previous inventories of PR genes and shows that they are present in isolated, acidic hot spring communities where energy derived from rhodopsin photosystems may complement a chemotrophic lifestyle and provide an advantage to bacterial cells, helping to compensate for changing environmental conditions.
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